Ribosome biogenesis is an essential cellular process. Its impairment is associated with developmental defects and increased risk of cancer. The in vivo cellular responses to defective ribosome biogenesis and the underlying molecular mechanisms are still incompletely understood. In particular, the consequences of impaired ribosome biogenesis within the intestinal epithelium in mammals have not been investigated so far. Here we adopted a genetic approach to investigate the role of Notchless (NLE), an essential actor of ribosome biogenesis, in the adult mouse intestinal lineage. Nle deficiency led to defects in the synthesis of large ribosomal subunit in crypts cells and resulted in the rapid elimination of intestinal stem cells and progenitors through distinct types of cellular responses, including apoptosis, cell cycle arrest and biased differentiation toward the goblet cell lineage. Similar observations were made using the rRNA transcription inhibitor CX-5461 on intestinal organoids culture. Importantly, we found that p53 activation was responsible for most of the cellular responses observed, including differentiation toward the goblet cell lineage. Moreover, we identify the goblet cell-specific marker Muc2 as a direct transcriptional target of p53. Nle-deficient ISCs and progenitors disappearance persisted in the absence of p53, underlying the existence of p53-independent cellular responses following defective ribosome biogenesis. Our data indicate that NLE is a crucial factor for intestinal homeostasis and provide new insights into how perturbations of ribosome biogenesis impact on cell fate decisions within the intestinal epithelium. Construction of ribosomes in eukaryotes is a highly complex process. Upon transcription in the nucleolus, the pre-rRNA undergoes a series of cleavages and modifications while being assembled into ribosomal preparticles upon hierarchical addition of ribosomal proteins. 1 In yeast, ≈200 assembly factors and several small nucleolar RNAs have been shown to participate to these processes. In higher eukaryotes, though the core components have been conserved, differences were reported [2] [3] [4] [5] suggesting that ribosome biogenesis has become more complex with evolution.
A specific pathway dedicated to the surveillance of ribosome biogenesis was identified originally in mammalian cells. Inhibition of RNA polymerase I activity, or deficiencies in factors required in ribosome biogenesis, was shown to trigger the binding of a 5S rRNA/RPL11/RPL5 inhibitory complex to the MDM2 ubiquitin ligase, thereby preventing MDM2-mediated p53 degradation. [6] [7] [8] In human, pathologies caused by ribosome biogenesis dysfunction are called ribosomopathies and represent a set of clinically distinct diseases presenting with tissue-specific developmental defects and increased risk of cancer. 9, 10 Studies on cellular and animal models suggest that unscheduled upregulation of p53 may account for many clinical symptoms associated with ribosomopathies. [11] [12] [13] [14] [15] [16] There are now evidences that ribosome biogenesis dysfunction also triggers p53-independent mechanisms. [17] [18] [19] Because bone marrow defects is a frequent clinical manifestation of ribosomopathies, most studies focused on the hematopoietic tissue and less is known about the impact of ribosome biogenesis dysfunction in other organs.
Notchless (Nle) encodes a WD40 repeats-containing protein highly conserved in eukaryotes. Its ortholog in yeast, Rsa4, was shown to be essential for the late step of maturation and subsequent export of the 60S particle. [20] [21] [22] We recently showed that Nle role in the maturation of the large ribosomal subunit is conserved in mouse and that Nle is required for the maintenance of hematopoietic stem cells. 23 During the course of this study, we noticed that the gut was also sensitive to Nle deletion. Here we performed the conditional inactivation of Nle in the intestinal epithelium and showed that Nle-dependent large ribosomal subunit biogenesis is required for the maintenance of intestinal stem cells (ISCs) and progenitors. Combining in vivo analyses with intestinal organoids culture, we demonstrate that defective ribosome biogenesis leads to p53-mediated removal of intestinal SCs and progenitors through several mechanisms including biased differentiation toward the goblet cell lineage. Finally, we show that p53-independent responses are also at play in Nle mutant crypt cells.
Results
Nle is required in intestinal crypts. We previously showed that Nle is widely expressed in the mouse. 24 To examine more precisely its pattern of expression in the adult small intestine, we performed RT-qPCR and western blot analyses on crypts and villi fractions. We found that both Nle mRNA and protein were enriched in crypts compared with villi ( Figures 1a and b ) littermates were subjected to daily intraperitoneal tamoxifen injection and analyzed at various time points post last tamoxifen injection (p.i.) (Figure 1c) . To monitor the conversion of the Nle flox allele into the Nle del allele, we performed genomic PCR targeting both alleles. We found that Cre-mediated recombination of the Nle flox allele was efficient in crypts and villi from both Control and NleVilcKO mice (Figure 1d ). Efficiency of deletion was confirmed by the marked decrease of NLE protein levels in NleVilcKO crypts and villi (Figure 1b) . A small proportion of nonrecombined cells persisted in the epithelium at the end of the tamoxifen regimen as indicated by the presence of a faint Nle flox signal in Control and NleVilcKO samples at day 1 p.i. (Figure 1d ). Contrary to Controls that showed limited level of nonrecombined allele up to 60 days p.i. (Figure 1d ), the Nle flox and Nle del alleles were detected at equivalent level in NleVilcKO intestine at day 4 p.i. and the Nle del allele was no longer detectable at day 60 p.i. (Figure 1d ). This indicates that Nle-deficient intestinal epithelium was rapidly and entirely replaced by Nle-proficient cells derived from ISCs that have escaped deletion.
Hematoxylin-eosin staining revealed that crypts, but not villi, were clearly affected following Nle deletion. At day 1 p.i., apoptotic bodies were present and many crypts exhibited a progressive degeneration phenotype in the following days ( Figure 1e , arrowheads and arrows). At day 4 p.i., intestinal regeneration was readily visible, with the presence of abnormally big, hyperplastic crypts (Figure 1e, bracket) . Consistent with the reappearance of Nle-proficient epithelium, normal histology was observed on sections of NleVilcKo intestines at later time points. Collectively, these data show Nle deletion impairs survival and proliferation of intestinal SC and progenitors. We observed a significant increase in Caspase 3-dependent apoptosis in NleVilcKO crypts at day 2 p.i. (Figures 2a and b) . Noticeably, apoptosis seemed to occur preferentially at the crypt base where stem cells and progenitors reside (Figure 2a , data not shown). Increased apoptosis was accompanied by a decrease in the proliferation of intestinal progenitors at day 2 p.i., though some crypts, probably containing recombination escaper cells, retained a normal proliferation profile (Figure 2a , arrow, Figure 2c ).
To investigate the early response of ISCs to Nle inactivation, we first examined the expression levels of ISCs markers by RT-qPCR. At day 1 p.i., the molecular signature of ISCs was partially deregulated since Bmi1 expression was increased, and Olfm4 expression was decreased while Lgr5 and Tert expression was unaffected. One day later, Olfm4 downregulation persisted and Bmi1 expression returned to levels similar to Control mice (Figure 2d ). Such uncoupling between Lgr5 and Olfm4 expression was puzzling as Olfm4 was described as a robust marker of Lgr5-positive ISCs. 25 To clarify this point, we first looked at Olfm4 expression by in situ hybridization. Most crypt bases were devoid of Olfm4 expression, and consisted of packed lysozyme-positive paneth cells (Figure 2e Figure S1B , arrow). Altogether, these data suggest that the ISC pool is rapidly compromised following Nle deletion.
We next tested the capacity of Nle-deficient crypts to form organoids in vitro. 26 Cultures were established with crypts from Control and NleVilcKO mice 1 h following the last tamoxifen injection. Control crypts grew into organoids within 3 days of culture, and the vast majority had developed more than 3 buds after 6 days. In contrast, NleVilcKO crypts maintained as small nonbudding units and eventually died (Supplementary Figure S2) confirming that intestinal SC and progenitors are rapidly compromised following Nle deletion.
Nle deletion increases differentiation toward the goblet cell lineage. We then analyzed the impact of Nle inactivation on the differentiation of the different intestinal cell types. NleVilcKO intestines did not present obvious changes in the size of the villi, suggesting that enterocytic differentiation was not altered. Both alcian blue coloration and MUC2 immunostaining revealed the presence of crypts harboring an excessive number of goblet cells in NleVilcKO intestines at day 3 p.i. (Figure 3a , arrows, Supplementary Figure S3A ). In Control mice, crypts with more than five goblet cells were rare (3%) and contained on average six goblet cells. Mutant crypts with numerous goblet cells were more frequent (11%) and contained on average 12 goblet cells (Supplementary Figures  S3A and B) . Goblet cells were found all along the crypt axis, including at the crypt bottom (Figure 3a , asterisks). Altogether, these results suggest that Nle-deficient progenitors underwent premature differentiation. The other secretory cell lineages did not seem affected (Supplementary Figure S3C) . Consistent with these results, we measured by RT-qPCR a moderate but significant upregulation of the goblet cell marker Muc2 in NleVilcKO intestines, whereas ChromograninA and Lysozyme mRNA levels were unchanged ( Figure 3b ). We found that the local increase in goblet cell number was preceded by the upregulation of Atoh1, a key regulator of secretory cell lineage commitment, 27 and of Spdef, which is required downstream of Atoh1 for goblet cell terminal maturation 28 ( Figure 3c ). Hes1 expression was unchanged, confirming that the absorptive lineage was not affected by Nle loss of function ( Figure 3c ).
Altogether, these results demonstrate that Nle deficiency rapidly compromises crypts homeostasis by triggering apoptosis, cell cycle exit and premature differentiation into goblet cell lineage of intestinal SCs and progenitors.
Biogenesis of the large ribosomal subunit is affected in Nle mutant crypts. To verify that Nle deficiency affected biogenesis of the large ribosomal subunit (60S) in the mouse intestine, we first performed fluorescent in situ hybridization (FISH) on small intestine sections. Its1 and its2 probes were used to evaluate the levels of nucleolar rRNA intermediates of, respectively, the small and large ribosomal subunits ( Figure 4a ). In Control intestines, although nascent rRNA intermediates were detected in most cells, enriched expression was observed in epithelial cells of the crypts and of the lower part of the villi (Figure 4b ). These cells showed a clear upregulation of its2 signal in NleVilcKO mice at day 1 p.i. (Figure 4b ). Its1 signal was also increased, though to a lesser extent. Increased level of nucleolar rRNA intermediates was also evidenced when performing FISH with a 28S probe (Supplementary Figure S4) , and was further confirmed by RT-qPCR on total intestine RNA extracts (Figure 4c ). We next monitored the effect of Nle deletion on the processing of the different rRNAs intermediates by performing a northern blot experiment on RNAs extracted from Control and NleVilcKO crypts at day 1 p.i. (Figure 4d) . Consistent with the role of Nle in large subunit maturation, specific accumulation of rRNA precursors of the large subunit was observed in NleVilcKO crypts (Figure 4d, arrows) .
Levels of 18S and 28S mature rRNAs were not altered in NleVilcKO crypts at day 1 p.i. (Figure 4c and Supplementary Figure S4) suggesting that large subunit biogenesis defects in Nle-deficient progenitors did not cause a rapid reduction in ribosome content. To verify this point, crypt protein extracts were prepared from Control and NleVilcKO mice 10 min after puromycin injection and analyzed by immunoblotting using anti-puromycin monoclonal antibody. Puromycin enters cells and is covalently incorporated into nascent polypeptides allowing the quantification of actively translating ribosomes. 29 At day 2 p.i., when the phenotype is the most severe, no significant change in the quantity of puromycylated nascent chains was detected in NleVilcKO crypts compared with Control (Figure 4e ), suggesting that protein translation was not altered at this early time point after Nle deletion.
Defects in ribosome biogenesis trigger p53 activation in ISCs and progenitors. A dedicated surveillance pathway tightly links the activity of ribosome biogenesis to p53 levels. We therefore analyzed p53 protein levels in Nle-deficient intestine by immunostaining and western blot analysis. We found that p53 was stabilized in NleVilcKO crypts as early as day 1 p.i. (Figures 5a and c) . At this time point, nuclear p53 protein could be detected in CBC stem cells, recognizable by their shape and location at the crypt base (Figure 5b ). Noticeably, p53 activation was detected neither in villi nor in paneth cells. Consistent with p53 activation, we measured a significant increased expression of several p53 direct transcriptional targets such as the cell cycle inhibitor p21 (Figures 5c and d) , and the proapoptotic genes Bax, Pidd and Noxa (Figure 5d ).
To test whether p53 pathway activation was a general feature of ISCs and progenitors response to ribosome biogenesis defects, we treated intestinal organoids with CX-5461, a selective inhibitor of RNA polymerase I-driven rRNA transcription. 30 Incubation of organoids with 1 μM CX-5461 resulted in a rapid reduction in rRNA precursors levels ( Figure 6a ). After 1 day of treatment, buds size appeared reduced compared with vehicle-treated control organoids (Figure 6b ), and after 2 days most treated organoids started to degenerate (not shown). At day 1, CX-5461 treatment resulted in increased mRNA levels of several p53 target genes (Figure 6c ) as well as variations in expression of markers of SCs, progenitors and differentiated cells (Figures 6d-f) suggesting that inhibition of rRNA transcription causes p53 activation and affects survival and differentiation of intestinal SC and progenitors ex vivo. Although the experimental conditions differed, CX-5461-treated organoids and intestinal epithelium of NleVilcKO mice shared striking similarities including uncoupling in the expression of Olfm4 and Lgr5 SC markers and upregulation of Muc2 goblet cell marker. Interestingly, such variations were not observed when p53-deficient organoids were treated with CX-5461 ( Figures  6g and k) .
Altogether, these results strongly suggest that defects in large ribosomal subunit biogenesis caused by Nle deficiency activate a potent p53 response in intestinal SCs and progenitors. Intestinal phenotype of NleVilcKO; p53+/ − mice was similar to that of NleVilcKO mice, including decreased Olfm4 expression, reduced proliferation and local increase in goblet cell number in the crypts (Figure 7a ). Strikingly, both the expression of Olfm4 at the crypt base and proliferation in the transit-amplifying compartment were restored in NleVilcKO; p53KO crypts, showing that Nle-deficient ISCs and progenitors were elimimated via a p53-dependent mechanism (Figures 7a  and c) . In addition, NleVilcKO; p53KO crypts exhibited a rescued pattern of goblet cell differentiation (Figure 7a) . Consistently, Muc2 expression was significantly reduced in NleVilcKO; p53KO mice compared with NleVilcKO; p53+/ − (Figure 7d) . We next used in silico analysis 31 to identify putative p53 response elements (REs) associated with goblet cellspecific genes. Interestingly, two partially overlapping p53 REs with high scores were found within an intronic sequence of the Muc2 gene (Figures 7e and f) . When this intronic sequence was cloned upstream of a luciferase reporter gene, a strong induction was observed upon cotransfection with a p53 expression vector into p53-deficient fibroblasts (Figure 7g ). Either deletion of the two REs or use of an expression vector encoding a p53 variant lacking transactivation activity (p53R270H) abolished luciferase reporter induction (Figure 7g ). These data strongly suggest that Muc2 is a direct p53 target gene and provide insights into the contribution of p53 to the goblet cell differentiation phenotype.
Removal of Nle-deficient ISCs persists independently of p53. Presence of the Nle recombined allele was monitored by genomic PCR on NleVilcKO; p53KO crypts at different times after tamoxifen injection (Figure 8a ). This analysis revealed that the replacement of Nle-deficient intestinal epithelium by Nle-proficient cells occurred between days 4 and 10 p.i. in a p53-deficient background. Therefore, Nle mutant ISCs were not maintained even in the absence of p53. We next analyzed cell death in NleVilcKO; p53KO intestine. Interestingly, increased apoptosis was observed in NleVilcKO; p53KO crypts at day 2 p.i. (Figures 8b and c) , even though the expression of proapoptotic genes was not induced (Supplementary Figure S5) . Contrary to NleVilcKO; p53+/ − crypts, Caspase 3-positive cells were found more rarely at the crypt base and more frequently in the upper third of the crypt where progenitors normally exit cell cycle (Figure 8d ). In the absence of p53, Nle-deficient intestinal progenitors seem therefore to progress further along the differentiation pathway before possibly being eliminated through p53-independent apoptosis. As Nle deficiency does not affect protein synthesis at day 2 p.i. (Figure 4e ), defects in protein translation are unlikely to be the primary cause of p53-independent cell death at that time. At day 4 p.i., a diminution, although nonsignificant, in protein synthesis was observed in NleVilcKO; p53KO crypts compared with Control; p53KO (Figure 8e ) suggesting that deregulated protein Altogether these data show that p53-independent mechanisms also participate in the elimination of mutant ISCs and progenitors.
Discussion
Our data reveal the crucial role of Nle in maintaining adult intestinal homeostasis and stem cells. Higher levels of Nle and nascent rRNA expression are found in crypts compared with villi, and accordingly, ribosome biogenesis dysfunction consecutive to NLE depletion is restricted to the crypt compartment. In response to ribosome biogenesis defects, p53 is activated in ISCs and progenitors, causing their rapid elimination through cell cycle arrest and apoptosis. In addition to these well-described stress responses, we found that p53 also triggers the premature differentiation of progenitors into goblet cells. Although premature differentiation may represent an efficient way to remove damaged or unfit stem/progenitor cells from active pools, few examples have been documented so far. In response to DNA damage in embryonic stem cells, p53 induces differentiation through direct repression and activation of pluripotency-and differentiation-associated genes respectively. 32 In adult melanocyte and hematopoietic stem cells, premature differentiation in response to genotoxic stress occurs independently of p53. 33, 34 Muc2 expression was upregulated both in NleVilcKO crypts and in CX-5641-treated organoids. Together with the identification of functional p53 response elements within the Muc2 gene, this indicates that p53 has a direct transcriptional control on the differentiation of intestinal cells toward the goblet cell lineage in response to ribosome biogenesis defects. Interestingly, a previous study reported the transcriptional activation of MUC2 by p53 in human colon cancer cell lines, 35 suggesting that such mechanism could also be operating in humans. Whether p53 transcriptionally regulates the expression of other genes associated with the goblet cell differentiation program would require further studies. It would also be interesting to determine if p53-dependent differentiation responses are elicited in other organs following ribosome biogenesis defects.
Nle acts in large ribosomal subunit in yeasts, 20, 21 fungi, 36 plants 37 and mammals. 23 Contrary to Drosophila, 38 Nle loss of function does not seem to interfere with the Notch pathway in the mouse hematopoietic 23 and intestinal (this study) lineages. Indeed, although increasing or decreasing Notch activity systematically results in strong variations of Hes1 expression levels in the intestinal crypt cells, [39] [40] [41] [42] [43] Hes1 mRNA levels were unchanged following Nle inactivation in the intestinal epithelium (Figure 3c and data not shown). Interestingly, premature differentiation toward the goblet cell lineage of intestinal stem/ progenitor cells is observed when Notch activity is inhibited. 39, [41] [42] [43] In view of our results, it would therefore be important to determine whether p53 participates in the hypersecretory phenotype of Notch-defective intestinal epithelium.
This work also unravels the existence of p53-independent responses to ribosomal stress in the intestine including progenitors apoptosis and ISCs disappearance. In human cancer cell lines, p53-independent mechanisms linking ribosome biogenesis defects to cell cycle arrest have been reported. 44, 45 Interestingly, binding of RPL11 to MDM2 was shown to inhibit its E2F1-stabilizing activity, thereby hindering cell cycle progression. 44 Increased binding of RPL11 to MDM2 consecutive to ribosome biogenesis dysfunction could therefore potentially interfere with other p53-independent functions of MDM2 such as inhibition of apoptosis. [46] [47] [48] So far, such functions has been described in cell lines and it will be interesting in future studies to evaluate their contribution to the phenotype of NleVilcKO; p53KO mice.
Besides the activation of p53-dependent and independent checkpoints, defective ribosome biogenesis is likely to confer Nle-deficient ISCs/progenitors with a cell proliferation disadvantage due to decreased ribosome content and reduced rate of translation. Indeed, the reduced levels of RPL5 or RPL11 in human lung fibroblasts was recently shown to reduce their translational capacity and impede their proliferation. 49 A similar mechanism was proposed to account for the delayed larval development and reduced body size of Drosophila minute mutants harboring hypomorphic mutations in ribosomal proteins. 50 When surrounded by wild-type cells, minute clones are outcompeted and disappear (for review, see Amoyel and Bach 51 ). Thus, such cell competition phenomena might also contribute to the replacement of Nle-deficient crypt cells by cells that have escaped recombination. Another possibility is that reduced ribosome biogenesis would alter the self-renewal of Nle-deficient ISCs. Support from this hypothesis comes from the recent demonstration that modulation of ribosome DNA transcription and ribosome biogenesis is directly influencing the self-renewal properties of Drosophila germ stem cells. 52 Ribosome production is increased in cancer cells and deregulation of ribosome biogenesis is associated with increased risks of developing cancer. 53, 54 In human colorectal cancer, increase in the levels of many ribosomal proteins was reported and the expression patterns of specific RPs were associated with tumor differentiation, progression or metastasis status. 55 Furthermore, a germline mutation in the Rps20 gene was recently shown to cause hereditary nonpolyposis colorectal carcinoma predisposition. 53 Finally, in patients with ulcerative colitis, IL-6-mediated stimulation of ribosome biogenesis and subsequent decrease in p53 levels were recently proposed as a possible mechanism favoring cancer progression in colonic mucosa exposed to chronic inflammation. 56 Future investigations using the NleVilcKO model will help to obtain a deeper understanding on the mechanisms that link ribosomes biogenesis to intestinal cancer. mice were crossed to Nle null/+ mice. Mice at 5 to 6 weeks of age were injected intraperitoneally with 75 mg/kg tamoxifen for three consecutive days. For proliferation assays, mice were injected with BrdU (100 mg/kg) 2.5 h before killing.
Tissue extracts. For paraffin sections, the intestinal tract was dissected, flushed twice with ice-cold PBS to remove any fecal content and perfused with icecold 4% paraformaldehyde (PFA). The small intestine was rolled up from the proximal to the distal end in concentric circles, fixed in 4% PFA at 4°C overnight, dehydrated, and embedded in paraffin wax. For RT-qPCR on total intestine, 1 cm of duodenum was harvested in 1 ml Trizol (Invitrogen, Carlsbad, CA, USA). For crypts and villi isolation, 5-10 cm of jejunum were collected, opened longitudinally and processed as previously described. 60 Histology and immunostaining. Histology and immunostaining were performed as described previously. 61 Specific antibodies binding was detected using either biotinylated secondary antibodies and Streptavidin/HRP complexes (Dako, Glostrup, Denmark), or ImmPRESS-HRP (Vector Laboratories, Burlingame, CA, USA). Bright field microscopy was performed using a Zeiss Axiophot microscope, or a MiraxScan device (Carl Zeiss microImaging, Goettingen, Germany) equipped with a 20 × objective lens. The system was set to run in automated batch mode with automated focus and tissue finding. For immunofluorescence staining, sections were mounted in vectashield and images were acquired with an upright microscope Zeiss Axiovert 200 M with a Zeiss apotome system controlled by the Zeiss axiovision 4.4 software. Primary and secondary antibodies used in this study are listed in Supplementary material Supplementary Table S2.
In situ hybridization. Digoxigenin-labeled Olfm4 antisense probe was synthesized from a plasmid containing Olfm4 cDNA (Gift from B Romagnolo, Cochin Institute, Paris) using T7 RNA polymerase and Dig labeling kit (Roche Diagnostics, Basel, Switzerland). Paraffin sections (8 μm) were rehydrated and treated with 15 μg/ml Proteinase K for 15 min. Proteinase K was inactivated with a 1 min wash in 0.2% Glycin in PBS-Tween. Sections were postfixed in 4% PFA for 10 min and washed several times in PBS-0.1% tween. Prehybridization was carried out for 1 h at 65°C in 50% deionized formamide, 2 × sodium saline citrate (SSC), 50 μg/ml yeast tRNA and 50 μg/ml Heparin. Hybridization was performed overnight at 65°C with the riboprobe diluted in prehybridization mix, and was followed by washes in 50% formamide/2 × SSC at 65°C for 1 h. Sections were washed for an additional hour in maleate buffer (100 mM maleic acid, 150 mM NaCl, 0,1% tween) at room temperature, and incubated for 1.5 h with the anti-digoxigenin alkaline phosphatase-conjugated antibody (dilution, 1 : 500, in Blocking Buffer, Roche Diagnostics). Sections were then washed in maleate buffer before incubation with the chromogenic substrates of alkaline phosphatase, 5-bromo-4-chloro-3-indolyl- (e) Anti-puromycin immunoblotting of protein extracts for identical number of crypts cells from Control; p53KO and NleVilcKO; p53KO intestine at day 4 p.i. Graphs represent the mean normalized intensity ± S.E.M. n = 3 for each genotype phosphate (0.175 mg/ml) and NBT (0.337 mg/ml) (Roche Diagnostics), in 100 mM Tris (pH 9.5), 100 mM NaCl, and 50 mM MgCl 2 at room temperature.
For fluorescent in situ hybridization, the hybridization step was performed as previously described. 62 Conjugated FISH probes were purchased from Eurogentec: its1-Cy5: tagacacggaagagccggacgggaaaga; its2-Cy3: gcgattgatcgtcaaccgacgctc; 28S-Alexa488: cccgttcccttggctgtggtttcgctggata; 18S-Cy5: tttacttcctctagatagtcaagttc gacc and validated in a previous study. 23 Crypts culture. Isolated crypts were cultured as previously described. 26 In brief, 450 crypts were embedded in growth factor reduced matrigel (Corning LifeSciences, Tewksbury, MA, USA) and plated in 24-wells plates with culture medium (Advanced DMEM/F12; Invitrogen) containing EGF (Peprotech, Rocky Hill, NJ, USA); R-spondin 1 (R&D Systems, Minneapolis, MN, USA); and noggin (Peprotech); and supplemented with N2 and B27 (Invitrogen). The medium was exchanged every 4 days. For CX-5461 treatment, organoids were cultured for 4 days, and new culture medium containing 1 μM CX-5461 (Axon Medchem, Groningen, The Netherlands) diluted in 0,1M citrate. 0,1 M citrate only was added as a vehicle control.
RT-qPCR. For total RNAs extraction, intestinal samples were homogenized in Trizol containing 0.4 g of glass beads (212-300 μm ø, Sigma, St. Louis, MO, USA) for 40 s in a FastPrep Instrument (MP Biochemicals, Illkirch, France). To extract their RNAs, organoids were recovered from Matrigel and processed following the mRNeasy mini kit procedure (Qiagen Sciences, Germantown, MD, USA). Reversetranscription was performed using the Superscript II kit (Invitrogen) according to the manufacturers' instructions. Real-time PCR was carried on using custom-designed primers (Supplementary Table S1 ) and SYBR green PCR master mix (Applied Biosystem, Foster city, CA, USA) on a StepOne instrument (StepOne software version 2.2; Applied Biosystems). Expression levels were normalized using TBP, Aldolase and/or Rrm2 as reference genes.
Western blot. Proteins were extracted in a urea buffer supplemented with antiproteases (Roche Diagnostics) and 1 mM DTT. Extracts were sonicated 5 min and treated with Benzonase (Sigma) to get rid of DNA contaminants. The protein content was determined using a Bradford assay. Proteins were denatured in Laemmli buffer at 95°C for 10 min before being loaded on a 10% polyacrylamide gel. After migration, proteins were transferred onto a nitrocellulose membrane (Biorad, Hercules, CA, USA) and incubated overnight at 4°C with the primary antibodies. Membranes were incubated with peroxidase labeled secondary antibodies at RT for 45 min, rinsed in PBS. Signals were visualized using ECl (Pierce Biotechnology, Rockford, IL, USA) and quantified on a Typhoon Instrument. Primary and secondary antibodies used in these experiments are listed in supplementary material Supplementary Table S2 .
Quantification of protein synthesis. Mice were injected intraperitoneally with 1 mg of puromycin in PBS, 10 min before killing. Intestines were rapidly harvested in ice-cold PBS containing emetine to block puromycin incorporation during the procedure. Crypts were isolated as described previously, and dissociated into single cells. Single cells were counted on a hemocytometer before being lysed in protein extraction buffer. Puromycilated peptide chains were quantified on a western blot against puromycin by measuring the pixel intensity through the whole length of each lane using typhoon instrument.
Northern blot. Total RNA from crypts cells was prepared with TRIzol reagent following the supplier's instructions (Sigma). Migration and hybridization were performed as previously described. 63 The probes used in this study were Its1-1a (5ʹ-ACGCCGCCGCTCCTCCACAGTCTCCCGTT-3ʹ) and Its2-2 (5ʹ-ACTGGTGAGG CAGCGGTCCGGGAGGCGCCGACG-3ʹ).
In silico search for putative p53 response elements. To identify putative p53 REs, we used the Consite software (http://consite.genereg.net/) with a positional frequency matrix for p53 response elements modified to take varying spacer lengths (0-13 bp) into account. With this method, p53 REs from known p53 target genes were previously found to have a mean value (M) of 11.7, with a S.D. of 1.2. Putative REs were plotted against the map as lollipops, with greytones according to their score: white for scores between 10.5 and 12.9 (M ± S.D.) and black for scores 415.3 (M+3S.D.).
Luciferase expression assays. To construct the p53 RE reporter plasmids, we cloned intronic sequences upstream of a SV40 minimal promoter before the firefly luciferase gene. For each experiment, 10 6 exponentially growing p53 −/− mouse embryonic fibroblasts were nucleofected using the Lonza MEF2 nucleofector kit with 3 μg of a p53 RE-firefly luciferase reporter plasmid (i3 or i3Δ) and 3 μg of an empty expression plasmid, 3 μg of the same reporter plasmid and 3 μg of a WT p53 expression plasmid or 3 μg of the same reporter plasmid and 3 μg of a p53 R270H expression plasmid. For all points, data were normalized by adding 30 ng of renilla luciferase expression plasmid (pGL4.73, Promega, San Luis Obispo, CA, USA). Nucleofected cells were allowed to grow for 24 h, then trypsinized, resuspended in 75 μl culture medium and transferred into a well of an optical 96 well plate (Nunc, ThermoFisherScientific, Rugby, UK). The dual-glo luciferase assay system (Promega) was used according to the manufacturer's protocol to lyse the cells and read firefly and renilla luciferase signals.
Statistical analysis. Graphs were performed using Prism5 software (GraphPad Software, La Jolla, CA, USA). For mean comparisons, all bar graphs with pooled data show means ± S.E.M. Statistical analyses were performed using the Mann-Whitney Wilcoxon test or the Student's t-test. Po0.05 was considered significant.
